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Abstract
Background: Squamous cell lung carcinomas account for approximately 25% of new lung carcinoma cases and 40,000
deaths per year in the United States. Although there are multiple genomically targeted therapies for lung adenocarcinoma,
none has yet been reported in squamous cell lung carcinoma.
Methodology/Principal Findings: Using SNP array analysis, we found that a region of chromosome segment 8p11-12
containing three genes–WHSC1L1, LETM2, and FGFR1–is amplified in 3% of lung adenocarcinomas and 21% of squamous cell
lung carcinomas. Furthermore, we demonstrated that a non-small cell lung carcinoma cell line harboring focal amplification
of FGFR1 is dependent on FGFR1 activity for cell growth, as treatment of this cell line either with FGFR1-specific shRNAs or
with FGFR small molecule enzymatic inhibitors leads to cell growth inhibition.
Conclusions/Significance: These studies show that FGFR1 amplification is common in squamous cell lung cancer, and that
FGFR1 may represent a promising therapeutic target in non-small cell lung cancer.
Citation: Dutt A, Ramos AH, Hammerman PS, Mermel C, Cho J, et al. (2011) Inhibitor-Sensitive FGFR1 Amplification in Human Non-Small Cell Lung Cancer. PLoS
ONE 6(6): e20351. doi:10.1371/journal.pone.0020351
Editor: Ming You, Medical College of Wisconsin, United States of America
Received December 30, 2010; Accepted April 30, 2011; Published June 7, 2011
Copyright:  2011 Dutt et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.
Funding: Funding sources for this work include support from Novartis Pharmaceuticals, the American Lung Association, Uniting Against Lung Cancer, the Sarah
Thomas Monopoli Fund, the Seaman Foundation and Genentech to M.M. A.D. is supported by a Ramalingaswami fellowship from the Department of
Biotechnology, Ministry of Science, Government of India. P.S.H. is supported by a Young Investigator Award from the National Lung Cancer Partnership. The
funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
Competing Interests: M.M. is a consultant to Novartis and receives research support from Novartis, receives research support from Genentech, and is a
founding advisor and consultant, and an equity holder in Foundation Medicine. N.G. laboratory receives sponsored research from Novartis. However, this does not
alter the authors’ adherence to all the PLoS ONE policies on sharing data and materials.
* E-mail: matthew_meyerson@dfci.harvard.edu (MM); adutt@actrec.gov.in (AD)
Introduction
Lung cancer is the leading cause of cancer-related death in
developed countries with deaths in 2009 estimated at approxi-
mately 160,000 in the United States, accounting for about 28% of
all cancer deaths [1]. Non-small cell lung cancer (NSCLC)
accounts for 75% of all lung cancers and includes two
predominant subtypes, adenocarcinoma and squamous cell
carcinoma (SCC), which comprise 40% and 25% of NSCLCs,
respectively [2,3]. Despite clear histologic and biologic distinc-
tions, lung adenocarcinoma and squamous cell carcinoma are
largely treated with the same chemotherapeutic agents with the
exception of the antifolate agent pemetrexed which is approved for
the treatment of non-squamous NSCLC [4].
Significant advances in the treatment of lung adenocarcinoma
have stemmed from detailed genomic analyses and the deploy-
ment of molecularly targeted agents leading which have led to
improvements in patient outcomes. Examples include the use of
epidermal growth factor receptor (EGFR) inhibitors such as
gefitinib and erlotinib [5,6,7] for lung adenocarcinomas bearing
EGFR mutations [8,9,10], and of ALK inhibitors such as crizotinib
[11] for lung adenocarcinomas bearing EML4-ALK translocations
[12,13].
However, little is currently known about the targetable genetic
abnormalities underlying squamous cell lung cancer. In addition to
TP53 mutations [14], squamous cell lung carcinomas have been
shown to harbor amplifications of PIK3CA [15], SOX2 [16], and
EGFR [16] as well as EGFR variant III mutations [17] DDR2
mutations [18] and rare amplifications of PDGFRA/KIT [19,20]
and BRF2 [21]. A recent study has demonstrated focal
amplification of the FGFR1 locus on chromosome 8p associated
with cellular dependency on FGFR1 and sensitivity to FGFR
inhibitors [22]. At this time there are no FDA-approved targeted
therapies for squamous cell lung cancer.
Targeting amplified tyrosine kinases with antibodies or with
small molecule inhibitors has led to dramatic improvements in
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response rates and overall survival of cancer patients whose tumors
harbor specific genomic abnormalities. Amplifications of EGFR
and ERBB2 have been reported in a variety of malignancies,
including head and neck, esophageal, gastric, breast and colon
cancers as well as NSCLC [23]. Targeting of these tyrosine
kinases, such as the use of cetuximab to target EGFR in colorectal
and head and neck cancer [24,25] and the use of trastuzumab to
target ERBB2 in breast cancer [26], has resulted in significant
improvement in patient outcomes in each of these diseases, though
not all patients with these amplifications respond to targeted
agents [27,28], likely due to additional genomic alterations within
the tumor that result in primary resistance to specific agents
[29,30].
The fibroblast growth factor receptor type 1 gene (FGFR1) is
one of the most commonly amplified genes in human cancer [16].
The fibroblast growth factor receptor (FGFR) tyrosine kinase
family is comprised of four kinases, FGFR1, 2, 3, and 4, that play
crucial role in development, and have been shown to be targets
for deregulation by either amplification, point mutation, or
translocation (reviewed in [31]). Translocations involving FGFR3,
as well as activating somatic mutations in FGFR3 have been
identified in multiple myeloma and bladder cancer [32,33,34].
We and others have identified activating mutations in FGFR2 in
endometrial cancer [35,36]. Amplification or activation of FGFR1
has been reported in oral squamous carcinoma [37], esophageal
squamous cell carcinomas [38], ovarian cancer [39], bladder
cancer [40], prostate cancer [41], rhabodomyosarcoma [42], and
lung cancer [16,43,44,45,46]. Consistent with this, a pan-FGFR
tyrosine kinase inhibitor has been shown to block tumor
proliferation in a subset of NSCLC cell lines with activated
FGFR signaling but has no effect on cells that do not activate the
pathway [47]. FGFR1 has been identified as the driver event in
breast carcinomas and NSCLC, especially squamous cell lung
carcinomas, harboring similar amplifications of the 8p11
chromosomal segment [22,48]
Based on SNP array copy number analysis of 732 samples, we
report that FGFR1 is somatically amplified in 21% of lung
squamous cell carcinomas as compared to 3.4% of lung
adenocarcinomas. We validate FGFR1 as a potential therapeutic
target by showing that at least one FGFR1-amplified NSCLC
tumor cell line is sensitive to FGFR enzymatic inhibition and
dependent on FGFR1 expression for cell viability as evidenced by
shRNA treatment. Together with previous reports reviewed
above, these results suggest that FGFR1 may be an attractive
therapeutic target in NSCLC.
Materials and Methods
NSCLC primary samples and cell lines
NSCLC cell lines, NCI-H1703 (squamous), NCI-H2444
(pulmonary), NCI-H520 (squamous), HCC95 (squamous), NCI-
1581 (large cell carcinoma), Calu3 (not otherwise specified), NCI-
H1734 (not otherwise specified), Colo699 (adenocarcinoma),
NCI-H2170 (squamous), NCI-H226 (squamous), A427 (adeno-
carcinoma), NCI-H1563 (adenocarcinoma), NCI-H1781 (adeno-
carcinoma) and HCC15 (squamous) were obtained from the
collection of A.F. Gazdar, J. Minna, and colleagues [49,50,51],
from ATCC (Manassas, Virginia, United States) and/or DSMZ
(Braunschweig, Germany). Cells were maintained in RPMI 1640
complete media supplemented with 10% calf serum (Gibco/
Invitrogen, Carlsbad, California, United States) and penicillin/
streptomycin (Gibco/Invitrogen). The NSCLC tumor/normal
pairs analyzed in this study have been described earlier
[16,20,45,50,52].
SNP array data analysis
SNP array experiments were performed on 732 NSCLC
tumor and cell line samples and data analyzed as described
previously [16,20,45,50,52]. The boundaries of the 8p11
amplicon defined by GISTIC analysis [53] were identified as
reported [52](http://www.broadinstitute.org/tumorscape/pages/
portalHome.jsf). Data display has been performed using
the Integrative Genomics Viewer (http://www.broadinstitute.org/
igv).
Transfection and infection
Phoenix 293T packaging cell line (Orbigen, San Diego,
California, United States) were transfected with pBabe-Puro-
based gateway vectors using FuGENEH 6 Transfection Reagent
(Roche, Indianapolis, United States) to generate replication
incompetent retroviruses. Target cells were infected with these
retroviruses in the presence of 8 mg/ml polybrene. Two days post
infection, cells were treated with 2 mg/ml puromycin (Sigma, St.
Louis, Missouri, United States) for two days. The resulting stable
cell lines were used for experimental studies.
shRNA mediated FGFR1 knockdown
shRNA vectors were obtained from TRC (The RNAi
Consortium). The target sequences of the shRNA constructs are:
FGFR1#1 (TRCN 0000121307): 59- AGTGGCTTATTAA-
TTCCGATA-39.
FGFR1 #2 (TRCN 0000121308): 59- GCTTGCCAATGGCG-
GACTCAA-39.
FGFR1 #3 (TRCN 0000121309): 59- CTTGTATGTCATC-
GTGGAGTA-39.
FGFR1 #4 (TRCN 0000121310): 59- CAAGATGAAGAG-
TGGTACCAA-39.
FGFR1 #5 (TRCN 0000121311): 59- GAATGAGTACGGCA-
GCATCAA-39.
LETM2 #1 (TRCN 0000040243): 59- CGCACCTTCTACC-
TGATAGAT-39.
LETM2 #2 (TRCN 0000040244): 59- CCCAGCACAAAG-
GAGATAGTT-39.
LETM2 #3 (TRCN 0000040245): 59- CCAGTTACATCAT-
CACCCATA-39.
LETM2 #4 (TRCN 0000040246): 59- CCAGGAACTAGAC-
TAATACAA-39.
LETM2 #4 (TRCN 0000040247): 59- GCATTGAGTGTAT-
CAGAACTA-39.
WHSC1L1#1 (TRCN 0000015613): 59- CGAGAGTATAA-
AGGTCATAAA-39.
WHSC1L1 #2 (TRCN 0000015614): 59- CCATCATCAAT-
CAGTGTGTAT-39.
WHSC1L1 #3 (TRCN 0000015615): 59- CGAGAATATC-
ATGTCCAGTTT-39.
WHSC1L1 #4 (TRCN 0000015616): 59- GCTTCCATTAC-
GATGCACAAA-39.
WHSC1L1 #5 (TRCN 0000015617): 59- GCAGGGAATT-
GTTTGAGTCTT-39.
The sequence targeted by the GFP shRNA is 59-GCAAGCT-
GACCCTGAAGTTCAT-39. Lentiviruses were made by trans-
fection of 293T packaging cells with these constructs using a
three-plasmid system as previously described [54]. Target
cells were incubated with lentiviruses for 6 hours in the
presence of 8 mg/ml polybrene and left in fresh media. Cells
were grown for two days. Fifty micrograms of total cell lysates
prepared from the infected cell lines was analyzed by Western
blotting.
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Growth and Proliferation assays
For survival assays, 26106 cells for each tumor cell line
expressing shRNAs constructs targeting FGFR1, WHSC1L1,
LETM2 or GFP along with uninfected cells were seeded in 3
replicates on a 6 well plate. Cell viability was determined at
24 hour time points for 4 consecutive days by counting the cells
using Beckman Coulter Vi-Cell Automated Cell Viability
Analyzer following trypan blue dye staining. The percentage of
cell viability was plotted for each cell line of readings obtained on
day 4 relative to day 1.
Soft agar anchorage-independent growth assay
For soft agar assays, 26104 NSCLC cells expressing shFGFR1
and shGFP were suspended in a top layer of RPMI1640 containing
10% calf serum and 0.4% Select agar (Gibco/Invitrogen,
Carlsbad, California, United States) and plated on a bottom layer
of RPMI1640 containing 10% calf serum and 0.5% Select agar on
a 6 well plate. PD173074 or FIIN-1 [55] was added as described to
the top agar. After 3–5 weeks incubation colonies were counted in
triplicate. IC50s were determined by nonlinear regression using
Prism 5 software (GraphPad Software).
Cytotoxicity assays
Depending on the growth curves for each cell line, between 800
and 2000 NSCLC cells were seeded in 6 replicates in 96- well
plate. One day after plating, increasing doses of FGFR inhibitors
PD173074 or FIIN-1 were added and proliferation of cells was
assessed 4 days later using the WST-1 assay (Roche Applied
Science). Each data point represents the median of six replicate
wells for each tumor cell line and inhibitor concentration. IC50s
were determined by nonlinear regression using the Prism
Graphpad software.
Western Blots
Total protein was extracted and separated by gel electrophoresis
by lysing cells in a buffer containing 50 mM Tris-HCl (pH 7.4),
150 mM NaCl, 2.5 mM EDTA, 1% Triton X-100, and 0.25%
IGEPAL. Protease inhibitors (Roche Applied Science) and
phosphatase inhibitors (Calbiochem) were added prior to use.
Before loading to the gel, samples were normalized for total
protein content. Total protein lysates were boiled in sample buffer,
separated by SDS-PAGE on 8% polyacrylamide gels, transferred
to PVDF membrane, and probed overnight using the appropriate
primary antibodies. Antibodies used for immunoblotting were:
anti- FGFR1 antibody (# 3472, Cell Signaling Technologies,
Danvers, MA, United States), anti- phospho FRS2 Y436 (#3861,
Cell Signaling Technologies, Danvers, MA, United States), anti-
phospho-FRS2 Y196 (#3864, Cell Signaling Technologies,
Danvers, MA, United States), anti-FRS2 (# sc-17841, Santa
Cruz Biotechnology, Santa Cruz, CA, United States). anti-
WHSC1L1 monoclonal antibody (# sc-130009, Santa Cruz
Biotechnology), anti-LETM2 monoclonal antibody (# ab84626,
Abcam), and anti-Actin monoclonal antibody (# sc-1615, Santa
Cruz Biotechnology).
Statistical Analysis
Comparisons between SNP array copy number data for lung
adenocarcinoma (AC) and squamous cell carcinoma (SCC) tumors
were performed using Fisher’s exact T test to calculate two-tailed
p-values among samples harboring high level amplification,
defined as log2 ratio .0.7 or 3.25 normalized DNA copies. P
values,0.05 were considered significant.
To determine the IC50 for FGFR inhibitors, the cell viability
measurements of six replicates at varying concentrations of
inhibitors were normalized to untreated control cells. Sigmoidal
dose response curves were fitted to the data by non linear
regression using GraphPad Prism software. Standard deviations
were determined for the mean of each value using an inbuilt
module of the software.
For shRNA experiments, performed in three replicates, the cell
number was counted and the mean and standard deviation were
determined using functions in Microsoft Excel.
Results
FGFR1 is amplified in non-small cell lung cancer
We examined the 8p11-12 genomic region using Affymetrix
250K SNP array copy number data in a previously reported data
set of 732 NSCLC samples, (628 primary tumors and 104 cell
lines) (Table S1) [16,20,45,50,52]. We observed high level
amplification, defined as log2 ratio .0.7 or 3.25 normalized
DNA copies, of the 8p11-12 chromosomal segment encompassing
the FGFR1 locus in 44 (6%) of NSCLC samples (Figure 1a; Table
S2). The majority (93%; 41/44) of these amplifications were
relatively focal events (,50% of the length of chromosome 8p)
indicating preferential selection of the specific target genes within
the region of amplification [52]. The inferred copy number of the
amplifications, normalized to a copy number of 2 for each sample,
ranged from 3.25 to 25 copies (median= 2.8 copies). The
estimated extent of the region of focal amplifications ranged from
0.47 to 112.7 Mb (median= 2.74 Mb).
To identify regions of significant copy-number alteration, we
applied GISTIC (Genomic Identification of Significant Targets In
Cancer) [53], and identified a 170 Kb region on 8p11 (38.28 to
38.45 Mb) as significantly amplified. While the overall pattern of
8p11 amplification was consistent with the literature on lung
cancer as reported, our sample size and resolution provided more
power to accurately identify and localize both large-scale and focal
chromosomal alterations as compared to earlier reports [45,52].
The sole genes within the region of amplification identified in our
analysis across all samples were FGFR1 and LETM2. In our copy
number data, WHSC1L1 was generally amplified with FGFR1 and
LETM2 (41/44 samples) but the wholeWHSC1L1 gene did not fall
Figure 1. Amplifications of FGFR1 locus in NSCLC. (A) Copy number estimates at chromosome arm 8p11-12q for 44 NSCLC samples (columns;
ordered by amplification of 8p11) having amplification greater than 3.25 copies (log2 ratio of 0.7) from a collection of 732 NSCLC primary samples
and cell lines. The horizontal line indicates the region containing FGFR1, LETM2 andWHSC1L1 genes. The color scale ranges from blue (deletion) to red
(amplification) with estimated copy numbers shown. Grey regions represent the absence of SNP copy number data. (B) Bar graph depicting
percentages of samples harboring 8p11-12 amplification in lung adenocarcinomas (AC) and squamous cell carcinoma (SCC) demonstrates that FGFR1
amplification is observed in SCC at much higher frequency than AC. (C) FGFR1 expression (upper panel) shown in ten NSCLC cells; eight cell lines
harboring FGFR1 amplification—HCC1734, HCC95, NCI-H2444, Calu3, NCI-H2077, NCI-H1703, NCI-H1581 and NCI-H520 (indicated by red horizontal
bar below)—one NSCLC cell line harboring deletion of the region HCC15 (indicated by blue horizontal bar below)– and three NSCLC cells with no
amplification—A427, NCI-H226, NCI-H2170 (indicated by black horizontal bar below)– using actin as a loading control (shown in lower panel). FGFR1
copy number status and 8p11-12 amplicon length determined by SNP array is indicated below cells harboring amplification. Of note, NCI-H2077 and
NCI-1581 were found to be genotypically identical by fingerprinting analysis.
doi:10.1371/journal.pone.0020351.g001
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within the GISTIC peak (chr8:38,284,229–38,451,475). Specifi-
cally, three primary tumor samples with amplified FGFR1 and
LETM2 genes had amplicon breakpoints within WHSC1L1,
explaining the exclusion of WHSC1L1 from the GISTIC
amplification peak (Figure S1; Figure S2). The amplicon break-
points withinWHSC1L1 are consistent with a lack of amplification
of the functional SET domain (chr8:38,265,630–38,255,125)
associated with histone methyltransferase enzymatic activity of
the gene product [56]. These results do not exclude WHSC1L1 as
the target of amplification on 8p11 along with FGFR1 but suggest
that its histone methyltransferase activity is not likely to be
specifically targeted for amplification.
In comparing subtypes of NSCLC primary tumors and cell
lines, 3.4% (20/588) of adenocarcinomas and 21% (12/57) of
squamous cell carcinomas harbored 8p11 amplifications, indicat-
ing that while 8p11 is amplified at appreciable frequencies across
both major NSCLC subtypes, it is preferentially amplified in SCCs
(p,0.001, Fisher exact test) (Figure 1b). No statistically significant
correlations were observed between the presence of 8p11
amplifications and available clinical parameters including histol-
ogy, degree of histological differentiation, stage at surgical
resection of the tumors and the age, gender, or reported ethnicity
of the patients (Table S3). Additionally, targeted sequencing of the
kinase domain of FGFR1 in 52 NSCLC cell lines and of the entire
FGFR1 coding sequence in three cell lines (NCI-H1581, NCI-
H1703, NCI-H2170) did not reveal any evidence of kinase domain
mutations (data not shown).
The SNP array data revealed an elevated FGFR1 gene copy
number in 11 NSCLC cell lines out of 104 NSCLC cell lines
analyzed (Figure S3) with amplifications observed in 36% (4/11) of
squamous NSCLC cell lines assayed. We examined FGFR1
protein expression by immunoblot analysis in 8 primary NSCLC
cell lines that harbor focal or broad 8p11 amplification above a
log2 ratio of 1.6 or 6.0 normalized DNA copies (NCI-H1703,
NCI-H2444, NCI-H520, NCI-1581, NCH-H2077, Calu3, NCI-
H1734, and HCC 95), 3 that have approximately neutral FGFR1
copy number (NCI-2170, NCI-H226 and A427) and 3 that harbor
FGFR1 deletion (NCI-H1781, NCI-H1563 and HCC15) by
immunoblot analysis. We found 6 out of 8 FGFR1 amplified
NSCLC cell lines overexpress FGFR1 as compared to cell lines
that do not harbor amplification, with the exceptions of the NCI-
H1703 and Calu3 cells (Figure S4; Figure 1c). Consistent with this
finding, NCI-H1703, which harbors a 8p11 amplification, has
been shown not to be dependent on FGFR1 [44] but on amplified
PDGFRA [19,20]. Furthermore, an elevated level of phosphory-
lation of the FGFR1 substrate FRS2 was observed in NCI-H1581
large cell carcinoma cells carrying focal amplification of FGFR1,
but not in cells harboring relatively broader levels of FGFR1
amplification (Figure S4).
FGFR1 is required for survival of an NSCLC cell line
harboring focal amplification
Based on our copy number analysis, FGFR1 and LETM2 fell
within the GISTIC-defined region of statistically significant
amplification with WHSC11 immediately adjacent. To determine
the cellular requirement for genes in the region targeted by the
amplification, we assessed the requirement of WHSC1L1, LETM2
and FGFR1 expression for tumor maintenance by depleting them
individually using shRNA. Transfection with five shRNA
constructs targeting either WHSC1L1 or LETM2 had no
differential effect on the survival of cells harboring focal or broad
8p11-12 amplification as compared to control cells without the
amplification (data not shown).
In contrast, three out of five shRNA constructs targeting FGFR1,
all of which led to a 3- to 5-fold decrease in FGFR1 protein levels
relative to shRNA controls (Figure 2a), significantly inhibited cell
survival in an NSCLC cell line carrying a focal FGFR1 amplification
(NCI-H1581; Figure 2b). shRNA constructs#3 and#4, which did
not lead to significant knockdown of FGFR1 protein levels, did not
affect the survival of cells harboring 8p11 amplification (Figure 2b).
There were no observed survival effects of FGFR1 shRNA on cell
lines harboring relatively broader FGFR1 amplification (NCI-
H1703, HCC95, HCC1734, Calu3; not shown) or without FGFR1
amplification (NCI-H2170; Figure 2c. HCC15, NCI-H1563 and
NCI-H1781; not shown). Overall, these results argue that FGFR1
expression is required for the viability of at least one NSCLC cell
line carrying an FGFR1 amplification.
To further validate the specificity of cell viability changes
associated with shRNA-induced FGFR1-depletion, we examined
the ability of ectopic expression of FGFR1 cDNA to rescue the
effects of FGFR1 knock down. Wild-type FGFR1 cDNA, lacking
the 39-untranslated region (UTR) of the endogenous FGFR1
mRNA targeted by FGFR1 shRNA #1, was over-expressed in
NCI-H1581 cells transfected with this shRNA construct. Recon-
stituted levels of wild type FGFR1 protein resulted in significant
rescue of the survival inhibition phenotype (Figure 3a, c) but had
no impact on the FGFR1-independent NCI-H2170 cells
(Figure 3b). Collectively, these experiments implicate FGFR1 as
a critical oncogenic target of 8p11-12 amplification.
Interestingly, one NSCLC cell line carrying a focal FGFR1
amplification, NCI-H2444 (Figure S3), was not sensitive to
knockdown of FGFR1 (data not shown). This cell line also
harbors an activating KRAS G12V mutation [57,58], which is
associated with resistance of colorectal cancers to the EGFR-
directed therapy cetuximab [25]. NCI-H2444 does not show
FRS2 phosphorylation (Figure S4). This observation suggests that
co-occurrence of other activating oncogenes may relieve FGFR1
dependence and specifically that primary resistance to FGFR1
inhibition may be governed by KRAS mutation status.
FGFR kinase Inhibitors inhibits growth of FGFR1 amplified
NSCLC cells
To evaluate the possibility that targeting FGFR1 in 8p11
amplified SCCs could represent a new therapeutic strategy in
SCCs, we studied the effects of the pan-FGFR inhibitor PD173074
on NSCLC cell lines. The FGFR1-amplified NCI-H1581 cells
were sensitive to treatment with PD173074 as assayed by colony
formation in soft agar with IC50s in the range of 10–20 nM
(Figure 4a and Figure S5). In contrast, NCI-H2170 cells with wild
type FGFR1 copy number were insensitive to PD173074
(Figure 4a). We also performed PD173074 dose response curves
on cell survival in liquid culture to compare the sensitivity of cells
harboring FGFR1 amplification and those without and again
found that NCI-H1581 cells were killed at IC50 values of 14 nM,
while those without amplification required more than 100-fold
higher doses of PD173074 to inhibit proliferation (Figure 4b). In
agreement with these results, we also observed that a second
FGFR irreversible inhibitor, FIIN-1, inhibits proliferation of NCI-
H1581 cells with focal FGFR1 amplification as compared to NCI-
H2170 without FGFR1 amplification, with IC50 values of 2.5 nM
versus greater than 10 micromolar, respectively (Figure S6).
Discussion
Here we have shown that FGFR1 is frequently amplified in lung
carcinomas and that this amplification is enriched in lung SCCs.
At least one NSCLC cell line with focally amplified FGFR1
FGFR1 Amplification in Squamous Cell Lung Cancer
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requires the gene as demonstrated by shRNA depletion, and is also
sensitive to inhibition with FGFR kinase inhibitors.
Genes other than FGFR1 have been proposed to be the functional
target of amplification on chromosome segment 8p11-8p12, most
notably WHSC1L1 [44] and BRF2 [21]. However, we believe that
the evidence presented here as well as in a recent report [22] argues
for FGFR1 as the functional target of amplification in at least one
NSCLC cell line. Additionally, in our data set WHSC1L1 is not
amplified in all the FGFR1 amplified samples, arguing that it is
unlikely to be the only relevant amplified gene in the 8p11-12
amplicon. The cell line that was shown to requireWHSC1L1 for its
survival, NCI-H1703 [44], does not over-express FGFR1
(Figure 1c), does not show FRS2 phosphorylation (Figure S4) and
is dependent on another amplified tyrosine kinase oncogene,
PDGFRA [19,20]. In contrast, knockdown of WHSC1L1 had no
impact on FGFR1-amplified, FGFR1-expressing NCI-H1581 cells,
suggesting that amplification of either gene may contribute to
cellular transformation in the appropriate cellular context.
A recent study characterizing DNA amplification in NSCLC
suggested that BRF2, encoding a transcription initiation complex
subunit of RNA polymerase III, is the target of amplification in the
8p11 amplicon [21]. We compared FGFR1 amplification to BRF2
amplification in light of this report and found that of 12 samples
with the highest amplification of FGFR1 in our dataset (log2 ratio
.2.5), only 4 samples include BRF2 in the amplified region,
suggesting that BRF2 is not the predominant target of 8p11
amplification in SCC (Figure S7a). We also found that of the 12
samples with highest amplification of BRF2 (log 2 ratio .1.8), all
have FGFR1 amplification (in one case, with what appears to be a
translocation within FGFR1) (Figure S7b). We believe that these
data argue in favor of FGFR1 instead of BRF2 as the more
commonly amplified gene in this region.
Our study and a recent report [22] identify FGFR1 as a
potential therapeutic target in NSCLC, where 8p11-12 amplifi-
cation is common, suggesting that high levels of expression of
FGFR1 may contribute to tumorigenesis or progression in
NSCLC. Interestingly, we did not find evidence of FGFR1
mutation in 52 samples which argues in favor of amplification
rather than mutation being the preferred mechanism of FGFR1
activation in a subset of NSCLCs. As FGFR1 amplification has
been reported in other tumor types, it may be the case that
FGFR1 inhibition will be a successful therapeutic strategy in a
variety of settings. As several FGFR kinase inhibitors are now in
clinical trials, including brivanib [59], dovitinib [60], BIBF 1120
[61], and SU-6668 [62], it could be useful to test these inhibitors
on NSCLC patients bearing focal FGFR1 amplifications. Given
Figure 2. NCI-H1581 cells are sensitive to knock-down of FGFR1 expression. (A) Effects of five FGFR1 shRNA constructs on FGFR1 protein
expression in NCI-H1581 cells as assayed by immunoblotting. shRNAs #1, #2 and #5 efficiently knock down endogenous FGFR1 expression in NCI-
H1581 cells infected with shRNA-expressing lentiviruses while shRNAs#3 and#4 do not. Actin is shown as a loading control (lower panel). (B and C),
infection with three independent FGFR1-suppressing hairpins (#1, #2 and #5) inhibits survival of NCI-H1581 cells over expressing FGFR1 (B) but did
not inhibit survival of cells not harboring FGFR1 amplification, NCI-H2170 (C) as assessed by WST assay. NI, no infection. shGFP, control hairpin specific
for green fluorescent protein used as a negative control. All results normalized to survival of cells infected with shGFP.
doi:10.1371/journal.pone.0020351.g002
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Figure 3. Ectopic expression of FGFR1 coding region rescues lethality of an shRNA targeting the FGFR1 39 UTR. (A) Bar graph for rescue
assay. Lethality due to depleted levels on endogenous FGFR1 level in NCI-H1581 is rescued by over expression of wild type (Wt) full length FGFR1
coding sequence . (B) No effect on the survival of NCI-H2170 cells was observed due to over expression of wild type form of FGFR1. NCI-H2170 is not
dependent on FGFR1 activity. NI, no infection. shGFP, control hairpin specific for green fluorescent protein used as a negative control. All results are
normalized to survival of cells infected with shGFP. Data shown is as mean of three replicates. (C) Validation of FGFR1 rescue by immunoblotting.
Depleted levels of endogenous FGFR1 level in NCI-H1581 cells infected with FGFR1 shRNA-expressing lentiviruses targeting the FGFR1 39UTR (lane 1)
is rescued by overexpression of wild type form of FGFR1 cDNA lacking the 39UTR (lane 2) with concomitant modest rescue in the levels tyrosine
residue phosphorylation of the FGFR1 substrate FRS2 (middle panel). Actin is shown as a loading control (lower panel).
doi:10.1371/journal.pone.0020351.g003
Figure 4. FGFR1 tyrosine kinase activity is essential in NCI-H1581 cells. (A) Treatment with the indicated concentrations of pan FGFR
inhibitor PD173074 inhibited soft agar colony formation by the NCI-H1581 NSCLC cell lines harboring FGFR1 amplification, as compared with the NCI-
H2170 line, which does not harbor FGFR1 amplification. Colonies were photographed and quantitated after 4 weeks. (B) Treatment with the indicated
concentrations of PD173074 inhibited survival of NCI-H1581 cells, but not of NCI-H2170 cells, as determined by WST assay performed after 4 days
treatment. IC50s are indicated.
doi:10.1371/journal.pone.0020351.g004
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that our results suggest that amplification alone will not always
predict sensitivity to FGFR1 inhibition, additional work is needed
to fully characterize the genetic alterations involved in NSCLC
carcinogenesis and dependency on FGFR1.
Supporting Information
Figure S1 WHSC1L1 histone methyltransferase activity
domain is not likely to be specifically targeted for
amplification at 8p11-12q. Heat map representation of SNP
array based segmented copy number on chromosome arm 8p11-
12q for 34 NSCLC samples (rows; ordered by amplification of a
170 kb chromosomal segment spanning WHSC1L1, LETM2 and
FGFR1) having amplification greater than 3.25 copies (log2 ratio of
0.7) from a collection of 732 NSCLC primary samples and cell
lines. Three primary tumor samples marked * harbor amplicon
with breakpoints within WHSC1L1 and only amplify FGFR1 and
LETM2 genes. The sample marked # appears to be a
translocation within FGFR1 removing its first exon. The locations
of WHSC1L1 SET domain and FGFR1 kinase domain are
indicated. The color scale ranges from blue (deletion) to red
(amplification) with estimated copy numbers as shown. Grey
denotes a region for which no SNPs are present on the array and
therefore represents indeterminate copy number.
(TIF)
Figure S2 Exclusion of WHSC1L1 functional domain
among primary tumors harboring amplified FGFR1 and
LETM2. Bar graph representation of unsegmented probe-level
copy number values for amplicons in 3 primary tumor samples
harboring break points withinWHSC1L1. Estimated copy number
values (y axis) are plotted for individual SNPs at 8p11-12 locus (x
axis). Copy number of SNPs defining boundary of breakpoint are
indicated. Genomic positions of genes in region are shown along
the x axis.
(TIF)
Figure S3 Elevated FGFR1 gene copy number in NSCLC
cell lines. SNP array based segmented copy number on
chromosome arm 8p11-12q for 18 NSCLC cell lines (rows;
ordered by amplification) from telomere (left) to centromere
(right). The color scale ranges from blue (deletion) to red
(amplification) with estimated copy numbers shown.
(TIF)
Figure S4 Activation of FGFR1 substrate FRS2 in NCI-
H1581 cells. Western blot analysis of FGFR1 in five different
8p11-12 amplified cells (Colo699, Calu3, NCI-H2077,
NCIH1581, NCI-H520 and NCIH1703) indicated by red
horizontal bar below and in three NSCLC cell lines harboring
deletion of the region (NCI-H1781, NCI-H1563 and HCC15)
indicated by blue horizontal bar below. NCI-H1581 cells show
increased tyrosine residue phosphorylation of FGFR1 substrate
FRS2 as compared to other NSCLC cell lines using actin as a
loading control (shown in lower panel).
(TIF)
Figure S5 FGFR1 tyrosine kinase activity is essential for
NCI-H1581 anchorage independent growth. Inhibition of
soft agar colony formation by the NCI-H1581 NSCLC cell line
harboring FGFR1 amplification, in the presence of increasing
concentrations of FGFR inhibitor PD173074, compared with
HCC15 and NCI-H2170 cells without FGFR1 amplification, and
NCI-H1703 cells that harbor FGFR1 amplification but do not
over-express FGFR1. Cells were seeded in soft agar and treated
with different concentrations of PD173074. Representative plates
from two independent experiments are presented. Colonies were
photographed and quantitated after 4 weeks.
(TIF)
Figure S6 FGFR1 tyrosine kinase activity is essential in
proliferation of NCI-H1581 cells. Treatment with the
indicated concentrations of irreversible FGFR inhibitor FIIN-1
inhibited survival of NCI-H1581 cells, but not of NCI-H2170
cells, as determined by WST assay performed after 4 days
treatment. IC50s are indicated.
(TIF)
Figure S7 FGFR1 instead of BRF2 is the more commonly
amplified gene at 8p11. Copy-number data from chromosome
8p11-12 in 12 samples sorted by highest copy number on the top.
The view is sorted by FGFR1 amplification (A) and BRF2
amplification (B). (A) Of the 12 samples with highest amplification
at FGFR1 of log2 ratio above 2.5, only 4 samples amplify BRF2 at
similar levels. (B) Out of 12 samples with log2 ratio above 1.8 at
BRF2, all samples include FGFR1 amplification. Each sample is
represented as a horizontal row from telomere (left) to telomere
(right). Areas of red indicate gain; blue indicates loss. The positions
of FGFR1 and BRF2 are indicated with vertical lines.
(TIF)
Table S1 List of NSCLC Samples Analyzed by SNP
Array.
(XLS)
Table S2 Amplicons at 8p11-12 overlapping WHSC1L1,
LETM2 and FGFR1.
(XLS)
Table S3 Categorization of 628 Primary Samples by
8p11 Amplification Status and Clinical Features.
(XLS)
Acknowledgments
The authors thank Dr. Robin Mukhopadhyaya for use of the lentiviral
facility of his laboratory at Advanced Centre for Treatment, Research and
Education in Cancer, Tata Memorial Center, Mumbai, India.
Author Contributions
Conceived and designed the experiments: AD MM. Performed the
experiments: KT AC. Provided samples and performed the genomic and
bioinformatic analysis: AD AHR CM PH JC NS HG KET. Provided cell
lines for assays: KET HG. Provided FGFR irreversible inhibitor
compound FIIN-1: NSG. Wrote and edited the AD PH MM.Reviewed
the manuscript: AD AHR PH CM JC TS AC KT NS HG NSG MM.
References
1. Jemal A, Siegel R, Ward E, Hao Y, Xu J, et al. (2009) Cancer statistics, 2009.
CA Cancer J Clin 59: 225–249.
2. Minna JD, Roth JA, Gazdar AF (2002) Focus on lung cancer. Cancer Cell 1:
49–52.
3. Wistuba II (2007) Genetics of preneoplasia: lessons from lung cancer. Curr Mol
Med 7: 3–14.
4. Selvaggi G, Scagliotti GV (2009) Histologic subtype in NSCLC: does it matter?
Oncology (Williston Park) 23: 1133–1140.
5. Rosell R, Moran T, Queralt C, Porta R, Cardenal F, et al. (2009) Screening for
epidermal growth factor receptor mutations in lung cancer. N Engl J Med 361:
958–967.
6. Mok TS, Wu YL, Thongprasert S, Yang CH, Chu DT, et al. (2009) Gefitinib or
carboplatin-paclitaxel in pulmonary adenocarcinoma. N Engl J Med 361:
947–957.
7. Mitsudomi T, Morita S, Yatabe Y, Negoro S, Okamoto I, et al. (2010) Gefitinib
versus cisplatin plus docetaxel in patients with non-small-cell lung cancer
FGFR1 Amplification in Squamous Cell Lung Cancer
PLoS ONE | www.plosone.org 8 June 2011 | Volume 6 | Issue 6 | e20351
harbouring mutations of the epidermal growth factor receptor (WJTOG3405):
an open label, randomised phase 3 trial. Lancet Oncol 11: 121–128.
8. Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S, Okimoto RA, et al. (2004)
Activating mutations in the epidermal growth factor receptor underlying
responsiveness of non-small-cell lung cancer to gefitinib. N Engl J Med 350:
2129–2139.
9. Paez JG, Janne PA, Lee JC, Tracy S, Greulich H, et al. (2004) EGFR mutations
in lung cancer: correlation with clinical response to gefitinib therapy. Science
304: 1497–1500.
10. Pao W, Miller V, Zakowski M, Doherty J, Politi K, et al. (2004) EGF receptor
gene mutations are common in lung cancers from ‘‘never smokers’’ and are
associated with sensitivity of tumors to gefitinib and erlotinib. Proc Natl Acad
Sci U S A 101: 13306–13311.
11. Neal JW, Sequist LV (2010) Exciting new targets in lung cancer therapy: ALK,
IGF-1R, HDAC, and Hh. Curr Treat Options Oncol 11: 36–44.
12. Soda M, Choi YL, Enomoto M, Takada S, Yamashita Y, et al. (2007)
Identification of the transforming EML4-ALK fusion gene in non-small-cell lung
cancer. Nature 448: 561–566.
13. Rikova K, Guo A, Zeng Q, Possemato A, Yu J, et al. (2007) Global survey of
phosphotyrosine signaling identifies oncogenic kinases in lung cancer. Cell 131:
1190–1203.
14. Zheng J, Shu Q, Li ZH, Tsao JI, Weiss LM, et al. (1994) Patterns of p53
mutations in squamous cell carcinoma of the lung. Acquisition at a relatively
early age. Am J Pathol 145: 1444–1449.
15. Okudela K, Suzuki M, Kageyama S, Bunai T, Nagura K, et al. (2007) PIK3CA
mutation and amplification in human lung cancer. Pathol Int 57: 664–671.
16. Bass AJ, Watanabe H, Mermel CH, Yu S, Perner S, et al. (2009) SOX2 is an
amplified lineage-survival oncogene in lung and esophageal squamous cell
carcinomas. Nat Genet 41: 1238–1242.
17. Ji H, Zhao X, Yuza Y, Shimamura T, Li D, et al. (2006) Epidermal growth
factor receptor variant III mutations in lung tumorigenesis and sensitivity to
tyrosine kinase inhibitors. Proc Natl Acad Sci U S A 103: 7817–7822.
18. Hammerman PS, Sos ML, Ramos AH, Xu C, Dutt A, et al. (2011) Mutations in
the DDR2 Kinase Gene Identify a Novel Therapeutic Target in Squamous Cell
Lung Cancer. Cancer Discovery; Published OnlineFirst April 3, 2011;
doi:10.1158/2159-8274.CD-11-0005.
19. McDermott U, Ames RY, Iafrate AJ, Maheswaran S, Stubbs H, et al. (2009)
Ligand-dependent platelet-derived growth factor receptor (PDGFR)-alpha
activation sensitizes rare lung cancer and sarcoma cells to PDGFR kinase
inhibitors. Cancer Res 69: 3937–3946.
20. Ramos AH, Dutt A, Mermel C, Perner S, Cho J, et al. (2009) Amplification of
chromosomal segment 4q12 in non-small cell lung cancer. Cancer Biol Ther 8:
2042–2050.
21. Lockwood WW, Chari R, Coe BP, Thu KL, Garnis C, et al. (2010) Integrative
Genomic Analyses Identify BRF2 as a Novel Lineage-Specific Oncogene in
Lung Squamous Cell Carcinoma. PLoS Med 7: e1000315.
22. Weiss J, Sos ML, Seidel D, Peifer M, Zander T, et al. (2011) Frequent and focal
FGFR1 amplification associates with therapeutically tractable FGFR1 depen-
dency in squamous cell lung cancer. Sci Transl Med 2: 62ra93.
23. Krause DS, Van Etten RA (2005) Tyrosine kinases as targets for cancer therapy.
N Engl J Med 353: 172–187.
24. Bonner JA, Harari PM, Giralt J, Azarnia N, Shin DM, et al. (2006)
Radiotherapy plus cetuximab for squamous-cell carcinoma of the head and
neck. N Engl J Med 354: 567–578.
25. Bardelli A, Siena S (2010) Molecular mechanisms of resistance to cetuximab and
panitumumab in colorectal cancer. J Clin Oncol 28: 1254–1261.
26. Piccart-Gebhart MJ, Procter M, Leyland-Jones B, Goldhirsch A, Untch M, et al.
(2005) Trastuzumab after adjuvant chemotherapy in HER2-positive breast
cancer. N Engl J Med 353: 1659–1672.
27. Ross JS, Slodkowska EA, Symmans WF, Pusztai L, Ravdin PM, et al. (2009) The
HER-2 receptor and breast cancer: ten years of targeted anti-HER-2 therapy
and personalized medicine. Oncologist 14: 320–368.
28. Vogel CL, Cobleigh MA, Tripathy D, Gutheil JC, Harris LN, et al. (2002)
Efficacy and safety of trastuzumab as a single agent in first-line treatment of
HER2-overexpressing metastatic breast cancer. J Clin Oncol 20: 719–726.
29. Berns K, Horlings HM, Hennessy BT, Madiredjo M, Hijmans EM, et al. (2007)
A functional genetic approach identifies the PI3K pathway as a major
determinant of trastuzumab resistance in breast cancer. Cancer Cell 12:
395–402.
30. Kataoka Y, Mukohara T, Shimada H, Saijo N, Hirai M, et al. (2010) Association
between gain-of-function mutations in PIK3CA and resistance to HER2-
targeted agents in HER2-amplified breast cancer cell lines. Ann Oncol 21:
255–262.
31. Turner N, Grose R (2010) Fibroblast growth factor signalling: from development
to cancer. Nat Rev Cancer 10: 116–129.
32. Chesi M, Nardini E, Brents LA, Schrock E, Ried T, et al. (1997) Frequent
translocation t(4;14)(p16.3;q32.3) in multiple myeloma is associated with
increased expression and activating mutations of fibroblast growth factor
receptor 3. Nat Genet 16: 260–264.
33. Richelda R, Ronchetti D, Baldini L, Cro L, Viggiano L, et al. (1997) A novel
chromosomal translocation t(4; 14)(p16.3; q32) in multiple myeloma involves the
fibroblast growth-factor receptor 3 gene. Blood 90: 4062–4070.
34. van Rhijn BW, Lurkin I, Radvanyi F, Kirkels WJ, van der Kwast TH, et al.
(2001) The fibroblast growth factor receptor 3 (FGFR3) mutation is a strong
indicator of superficial bladder cancer with low recurrence rate. Cancer Res 61:
1265–1268.
35. Dutt A, Salvesen HB, Chen TH, Ramos AH, Onofrio RC, et al. (2008) Drug-
sensitive FGFR2 mutations in endometrial carcinoma. Proc Natl Acad Sci U S A
105: 8713–8717.
36. Pollock PM, Gartside MG, Dejeza LC, Powell MA, Mallon MA, et al. (2007)
Frequent activating FGFR2 mutations in endometrial carcinomas parallel
germline mutations associated with craniosynostosis and skeletal dysplasia
syndromes. Oncogene 26: 7158–7162.
37. Freier K, Schwaenen C, Sticht C, Flechtenmacher C, Muhling J, et al. (2007)
Recurrent FGFR1 amplification and high FGFR1 protein expression in oral
squamous cell carcinoma (OSCC). Oral Oncol 43: 60–66.
38. Ishizuka T, Tanabe C, Sakamoto H, Aoyagi K, Maekawa M, et al. (2002) Gene
amplification profiling of esophageal squamous cell carcinomas by DNA array
CGH. Biochem Biophys Res Commun 296: 152–155.
39. Gorringe KL, Jacobs S, Thompson ER, Sridhar A, Qiu W, et al. (2007) High-
resolution single nucleotide polymorphism array analysis of epithelial ovarian
cancer reveals numerous microdeletions and amplifications. Clin Cancer Res 13:
4731–4739.
40. Simon R, Richter J, Wagner U, Fijan A, Bruderer J, et al. (2001) High-
throughput tissue microarray analysis of 3p25 (RAF1) and 8p12 (FGFR1) copy
number alterations in urinary bladder cancer. Cancer Res 61: 4514–4519.
41. Edwards J, Krishna NS, Witton CJ, Bartlett JM (2003) Gene amplifications
associated with the development of hormone-resistant prostate cancer. Clin
Cancer Res 9: 5271–5281.
42. Missiaglia E, Selfe J, Hamdi M, Williamson D, Schaaf G, et al. (2009) Genomic
imbalances in rhabdomyosarcoma cell lines affect expression of genes frequently
altered in primary tumors: an approach to identify candidate genes involved in
tumor development. Genes Chromosomes Cancer 48: 455–467.
43. Kendall J, Liu Q, Bakleh A, Krasnitz A, Nguyen KC, et al. (2007) Oncogenic
cooperation and coamplification of developmental transcription factor genes in
lung cancer. Proc Natl Acad Sci U S A 104: 16663–16668.
44. Tonon G, Wong KK, Maulik G, Brennan C, Feng B, et al. (2005) High-
resolution genomic profiles of human lung cancer. Proc Natl Acad Sci U S A
102: 9625–9630.
45. Weir BA, Woo MS, Getz G, Perner S, Ding L, et al. (2007) Characterizing the
cancer genome in lung adenocarcinoma. Nature 450: 893–898.
46. Zhao X, Weir BA, LaFramboise T, Lin M, Beroukhim R, et al. (2005)
Homozygous deletions and chromosome amplifications in human lung
carcinomas revealed by single nucleotide polymorphism array analysis. Cancer
Res 65: 5561–5570.
47. Marek L, Ware KE, Fritzsche A, Hercule P, Helton WR, et al. (2009) Fibroblast
growth factor (FGF) and FGF receptor-mediated autocrine signaling in non-
small-cell lung cancer cells. Mol Pharmacol 75: 196–207.
48. Turner N, Pearson A, Sharpe R, Lambros M, Geyer F, et al. (2010) FGFR1
amplification drives endocrine therapy resistance and is a therapeutic target in
breast cancer. Cancer Res 70: 2085–2094.
49. Phelps RM, Johnson BE, Ihde DC, Gazdar AF, Carbone DP, et al. (1996) NCI-
Navy Medical Oncology Branch cell line data base. J Cell Biochem Suppl 24:
32–91.
50. Sos ML, Michel K, Zander T, Weiss J, Frommolt P, et al. (2009) Predicting drug
susceptibility of non-small cell lung cancers based on genetic lesions. J Clin
Invest 119: 1727–1740.
51. Phelps RM, Johnson BE, Ihde DC, Gazdar AF, Carbone DP, et al. (1996) NCI-
Navy Medical Oncology Branch cell line data base. J Cell Biochem Suppl 24:
32–91.
52. Beroukhim R, Mermel CH, Porter D, Wei G, Raychaudhuri S, et al. (2010) The
landscape of somatic copy-number alteration across human cancers. Nature 463:
899–905.
53. Beroukhim R, Getz G, Nghiemphu L, Barretina J, Hsueh T, et al. (2007)
Assessing the significance of chromosomal aberrations in cancer: methodology
and application to glioma. Proc Natl Acad Sci U S A 104: 20007–20012.
54. Moffat J, Grueneberg DA, Yang X, Kim SY, Kloepfer AM, et al. (2006) A
lentiviral RNAi library for human and mouse genes applied to an arrayed viral
high-content screen. Cell 124: 1283–1298.
55. Zhou W, Hur W, McDermott U, Dutt A, Xian W, et al. (2010) A structure-
guided approach to creating covalent FGFR inhibitors. Chem Biol 17: 285–295.
56. Kim SM, Kee HJ, Eom GH, Choe NW, Kim JY, et al. (2006) Characterization
of a novel WHSC1-associated SET domain protein with H3K4 and H3K27
methyltransferase activity. Biochem Biophys Res Commun 345: 318–323.
57. Pao W, Miller VA, Politi KA, Riely GJ, Somwar R, et al. (2005) Acquired
resistance of lung adenocarcinomas to gefitinib or erlotinib is associated with a
second mutation in the EGFR kinase domain. PLoS Med 2: e73.
58. Pao W, Wang TY, Riely GJ, Miller VA, Pan Q, et al. (2005) KRAS mutations
and primary resistance of lung adenocarcinomas to gefitinib or erlotinib. PLoS
Med 2: e17.
59. Chen J, Lee BH, Williams IR, Kutok JL, Mitsiades CS, et al. (2005) FGFR3 as a
therapeutic target of the small molecule inhibitor PKC412 in hematopoietic
malignancies. Oncogene 24: 8259–8267.
60. Sarker D, Molife R, Evans TR, Hardie M, Marriott C, et al. (2008) A phase I
pharmacokinetic and pharmacodynamic study of TKI258, an oral, multi-
targeted receptor tyrosine kinase inhibitor in patients with advanced solid
tumors. Clin Cancer Res 14: 2075–2081.
FGFR1 Amplification in Squamous Cell Lung Cancer
PLoS ONE | www.plosone.org 9 June 2011 | Volume 6 | Issue 6 | e20351
61. Hilberg F, Roth GJ, Krssak M, Kautschitsch S, Sommergruber W, et al. (2008)
BIBF 1120: triple angiokinase inhibitor with sustained receptor blockade and
good antitumor efficacy. Cancer Res 68: 4774–4782.
62. Machida S, Saga Y, Takei Y, Mizuno I, Takayama T, et al. (2005) Inhibition of
peritoneal dissemination of ovarian cancer by tyrosine kinase receptor inhibitor
SU6668 (TSU-68). Int J Cancer 114: 224–229.
FGFR1 Amplification in Squamous Cell Lung Cancer
PLoS ONE | www.plosone.org 10 June 2011 | Volume 6 | Issue 6 | e20351
